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Abstract 
 

In this study, microfibrillated cellulose (MFC) was applied in an aqueous suspension as a coating 

material on paper substrates. Two different coating techniques were used: rod coating and size press. 

The MFC suspension used has a high water content and water is known to deteriorate the properties of 

the paper, so water treated paper substrates were prepared as references to give an indication of the 

effects that the processing has on the final properties of the coated papers. 

The structure of the MFC coating and associated surface properties were evaluated using  scanning 

electron microscopy (SEM) and by measuring the thickness and the roughness of the coated 

substrates. A tool to visualise the distribution of the MFC was developed and the tensile properties of 

the MFC coated substrates were characterised. Resistance to air, oxygen and water vapour permeation 

as well as water and grease absorption were used to describe the barrier properties of the coated 

papers. 

The MFC coated paper substrates exhibited a higher roughness than the reference paper substrate. This 

was due to the sensitivity of the substrate to water  and not from the coating material itself since the 

water treated paper substrates showed an even higher roughness than the MFC coated substrates. The 

latter showed slightly increased tensile properties compared to the reference paper substrates, and most 

importantly, reduced air permeance and grease absorption (-100% and -84% respectively); for the rod 

coated paper substrate with 3 g m2⁄  coat weight. The water vapour transmission rate was also 

decreased with the applied MFC coatings. 

Advantages and drawbacks were identified for the coating techniques. The rod coating allowed a good 

control of the coat weight in a range of 1 to 3 g m2⁄ . However, the Mayer rod and the high viscosity of 

the MFC suspension caused poor MFC distribution and a coating which reproduced the rod pattern. 

With the size press, coat weights around 1 g m2⁄  were reached. The MFC did not build a coating layer 

on the paper substrate surface but was impregnated into the paper substrate by the rollers. 
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1. Introduction 

1.1. General introduction 

In the packaging world, materials from natural fibres such as paper are gaining ground thanks to their 

recyclable and biodegradable characters. Paper is made from cellulosic fibres from wood and is 

therefore renewable and biodegradable [1]. However, for some types of packaging e.g. food 

packaging, paper shows its limits. It exhibits too low barrier properties to oxygen and moisture, a low 

resistance to grease and a sensibility to water, which make it an unsuitable choice. The products would 

not be protected enough and have a limited shelf life [2].  

For this reason, paper is usually combined with coating polymeric layers such as PE, PVDC, EVOH 

and PVC derivatives as well as aluminium to improve its barrier properties. These materials however, 

are for the most part non-biodegradable and the final packaging is quasi impossible to recycle properly 

because the layers cannot be efficiently separated. [3] 

That is why recent studies have been focusing on finding biodegradable polymers to replace the 

conventional layers. One of these materials is microfibrillated cellulose (MFC), also called cellulose 

nanofibres / nanofibrils (CNF) or nanofibrillated cellulose (NFC). It consists of finely fibrillated 

cellulose fibres with nanoscale diameters which can be obtained from paper pulp [4]. Used as a 

coating on paper, this nanocellulosic material have been shown to improve various properties of the 

paper including mechanical properties and act as a barrier to air and oxygen [3, 5–12]. 

1.2. Objective of the thesis 

The aim of this project has been to study the use of microfibrillated cellulose (MFC) as a coating 

material on industrial grade packaging paper. An improvement of the paper surface properties, such as 

the barrier, surface strength and evenness was sought after. 

To start with, a state of the art of the research on this topic was established. Then, experiments with 

one substrate and one MFC coating were conducted.  Different coating techniques as well as different 

coat weights were evaluated and the effect on the final surface properties was characterised. The most 

promising correlation between the amount of MFC used and the properties achieved is to be found. 

Two main tasks were dealt with: 

a. Evaluate two different coating techniques to determine the control they offer over the coating 

quality (thickness, coat weight, surface porosity, roughness, homogeneity, repeatability). The 

techniques were rod coating and size press coating. 
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b. Determine the impact of the coat weight on the barrier and surface properties of the paper and 

optimise the barrier capacity to MFC weight ratio. 

1.3. Limitations in scope 

Considering the time frame of 20 weeks and the technical considerations, certain limitations ensued: 

 The access to the size press installations in Beetham, England being restricted in time, this 

technique was not studied as extensively as rod coating. 

 The work was focused on one MFC quality and one substrate grade provided by 

BillerudKorsnäs. 

 All characterisation techniques used were in accordance with BillerudKorsnäs internal testing 

facilities. The tests follow standards, to allow comparability and repeatability with previous 

and future studies.  

1.4. Project plan 

A timeline was produced at the beginning of the project and is presented in the Appendix. It describes 

the main tasks and milestones of the project (literature review, experimental work, dates of 

reporting…). The weekly planning allows for flexibility to take into account unforeseen delays in the 

experimental work. 
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2. Literature review 

2.1. Introduction  

Microfibrillated cellulose (MFC) is an interesting material which has proven to have promising 

mechanical and barrier properties for use in the packaging industry [2, 3, 10, 13]. Its capacities in the 

form of a self-standing film have been demonstrated [10], but a lot of interest was directed to its use as 

a coating material on paper substrates using different coating techniques [3, 5–10, 12, 14, 15]. 

The aim of this literature study is to present the relevant concepts, materials and technologies for a 

comprehensive understanding of the thesis.  

Firstly, the materials used in the present study, namely paper and microfibrillated cellulose (MFC) are 

introduced. The results of previous studies where MFC was used as a coating material on paper are 

discussed. 

Then, two different coating techniques, rod coating and size press will be presented, focusing on their 

respective advantages, drawbacks and scalability in industry. 

Finally, a conclusion will sum up the information given. 

2.2. Cellulosic materials 

Cellulose and paper 

Cellulose is the most abundant naturally occurring polymer. It consists of chains of beta-D-glucose 

units linked by glycosidic bonds as can be seen in Figure 1. It belongs therefore to the category of 

polysaccharides. [1] 

In nature, cellulose can be found as assemblies of cellulose chains, forming a fibre cell wall. In wood, 

cellulose is part of a complex laminate-like composite structure where it acts as a reinforcement fibre 

to a hemicellulose and lignin matrix. Hemicellulose is also a polysaccharide which acts as an interface 

between cellulose and lignin. Lignin is a thermoset polymer that stiffens the wood fibres and provide 

them protection against water and biological attacks. [1] 

In order to produce paper, cellulose is isolated from the rest of the wood components through pulping. 

This term describes a wide range of thermal, mechanical and/or chemical treatments resulting in a 

variety of paper pulp (bulk separated cellulose fibres). Common examples are thermo-mechanical pulp 

(TMP), sulphite pulp and sulphate or kraft pulp. The water diluted pulp is then fed to a paper machine 

where the slurry is laid on a wire mesh to remove the water. This is when the thin fibre mat or paper 

sheet is formed. The wet paper sheet is then pressed and heated to finish drying. Afterwards, surface 

finishing operations such as calendering or machine-glazing can be used to smoothen the paper surface 
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and the paper can also be coated. A wide range of properties and grades of paper can be obtained, 

depending on the origin of the fibres, the pulping treatment, the papermaking process and the surface 

finishing operations. [16, 17] 

 

Figure 1: Decomposition of a tree at different scales: (1) Tree, (2) stem, (3) wood cell wall. (4) 

cellulose fibre dividing into microfibrils. (5) Chemical structure of cellulose. Reprinted with the 

permission from Ref. 1 Copyright(2016) Elsevier. 

 

Thus, paper consists of a network of physically entangled cellulose fibres and linked through strong 

hydrogen bonds. The bonding area between fibres and the structure and density of the fibre network 

are determinant in the final mechanical properties and porosity of the paper. [18] 

Paper is a hygroscopic material. When adding moisture/ water vapour to paper, the thickness of the 

sheet increases, the surface changes and there are changes in the stiffness and strength also. The 

mechanisms of sorption of water in paper are threefold. At low relative humidity, there is surface 

adsorption, where the water molecules form hydrogen bonds with the hydroxyl groups on the surface 

of the cellulose fibres in a monomolecular layer. At medium relative humidity the cellulose fibres 

swell and adopt the behaviour of a gel. At high relative humidity, moisture condensates on the surfaces 

of the capillaries within the fibres and the paper network and they are filled with water. [19] 
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Upon drying, the swollen fibres shrink. The manner how the fibres are shrinking and the final shape 

and properties of the paper sheet depend mostly on three factors. They are the distribution of the 

moisture in the sheet, the hygroexpansion coefficient of the fibres and the network, and the manner of 

drying. Restrained drying, whereby the paper sheet is kept under tension in one or two directions 

induces constraints in the network as the fibres are stretched during drying. With free drying, there are 

no internal constraints, but the sheets have a tendency to curl. Curling describes the out-of-plane 

bending of a sheet. The main causes for curling are an asymmetric structure of the sheet or asymmetric 

moisture content. [19] 

Cellulose nanofibres or microfibrillated cellulose  

Nanocellulose is a term used to describe any cellulosic material with a diameter or width below 

100 nm. Nanocelluloses are including cellulose nanocrystals (CNC), cellulose nanofibers (CNF) or 

microfibrillated cellulose (MFC) and bacterial cellulose (BC). The terms cellulose nanofibres (CNF) 

and microfibrillated cellulose (MFC)  are used to describe cellulose fibrils including both amorphous 

and crystalline cellulose, with diameters between 10 and 100 nm. Cellulose nanofibres (CNF) is the 

preferred term in most recent article and reviews [7, 11, 20] and it corresponds to a TAPPI standard in 

preparation [21]. Microfibrillated cellulose (MFC) is a term found in older studies [3, 6, 10] and still in 

use in the paper and forest industry where it can designate coarser fibres with submicronic diameters. 

There are several ways to separate the nanofibres from cellulose fibres. One way is through a 

mechanical process, which can be preceded by chemical or enzymatic pre-treatment in order to 

decrease the energy consumption. A review by Jonoobi et al. (2015) [20] mentions the most common 

mechanical processes: high-pressure homogenisation, microfluidisation, grinding, cryo-crushing. The 

chemical pre-treatments can be TEMPO-mediated oxidation, carboxymethylation whereby the 

cellulose is swollen in such extent that the fibres can be easily separated [20].  

After the fibrillation, the cellulose nanofibres are forming a very viscous suspension in water even at 

low solid content. Those suspension present shear-thinning properties. Richmond (2014) [11] reported 

that the viscosity of a MFC suspension at 2.5 wt% solid content decreased from 200 Pa.s to 0.8 Pa.s 

with increased shear rate from 0.1 𝑠−1 to 100 𝑠−1 and similarly a suspension with higher MFC solid. 

[11] 

From the MFC suspensions, microfibrillated cellulose films can be obtained, by filtration [6] or 

solvent casting [22] for example. Those MFC films have reportedly high mechanical properties with 

an E-modulus around 16 GPa and tensile strength index values up to 150 N.m/g for one MFC 

suspension with different film production methods [6]. For comparison, the tensile strength index of 

paper is in the range of 10 – 100 N.m/g [18]. This is explained by the strong interfibrilllar hydrogen 

bonding in extensive contact areas. MFC films have also shown very low air permeance oxygen 

permeability values (10 nm/Pa.s and 17 mL.m-2.day-1 respectively), indicative of a low porosity [6]. 
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The good barrier capacity of the MFC network compared to regular cellulose fibre network comes 

from the dense entanglement of the nanofibres that form a smaller and more complex porosity capable 

of hindering the permeation of gases [13]. The barrier capacity of MFC films to the permeation of 

water vapour is however rather limited. A water vapour transmission rate of 200 (g/m2.day)/m was 

reported in a previous study and attributed to the high affinities between water and cellulose [22].   

 

MFC coatings on paper substrates 

Recent studies have reported the effect of MFC coatings on cellulose network substrates. Syverud et 

al. (2009) [6] prepared MFC coated paper sheets using spraying of MFC suspension in a dynamic 

sheet former on the wet base paper. Coat weights up to 8 g/m2 were achieved and an increase of the 

tensile index and a decrease of air permeability was reported for the coated sheets. Aulin et al. (2010) 

[10] used rod coating to apply carboxymethylated MFC on kraft (unbleached) and greaseproof paper. 

The air permeability and oil resistance as well as the surface structure of the MFC coated paper was 

reported. As shown in Figure 2, the MFC is covering the fibre network and forming a nearly 

continuous layer for the highest coat weight (1.8 g/m2). With this coat weight, an air permeability of 

0.3 nm/Pa.s was reported against 69000 nm/Pa.s for the reference paper. Penetration times of castor 

and turpentine oil were increased for MFC coated papers. 

 

 

Figure 2 : E-SEM micrographs of uncoated (A) and MFC-coated unbleached papers with coat weights 

of ca. 0.9 (B), 1.3 (C) and 1.8 gsm (D), respectively. The scale bar is 100 μm. Reprinted with the 

permission from Ref. 10 Copyright (2010) Springer 
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The influence of the coating technique was evaluated in a study by Lavoine et al. (2014). They used 

rod coating and size press to apply multi-layers of MFC on a paper substrate. Their findings indicated 

that with multi-layers, the effect of the water from the MFC suspension on the paper substrate was 

significant and deteriorating the mechanical and barrier properties of the substrate. Coat weights as 

high as 14 g/m2 were achieved with rod coating with multi-layering. With size press, even with  

10 layers, the coat weight only reached 4 g/m2. The rod coated substrates had decreased air permeance 

and increased grease resistance, whilst the size press coated substrates had properties very similar to 

the reference. 

The role of the substrate on the quality of the MFC coating on paper was recently studied by Kumar et 

al. (2017) [15]. They prepared pre-coated paper substrates to achieve different surface energy, 

roughness, porosity, water absorption capacity and coated them with a roll-to-roll process. Their 

findings indicated that a highly hydrophilic and smooth substrate was instrumental in achieving good 

adhesion of the MFC coating, and that the coat weight necessary for full coverage had to be higher 

than the surface roughness volume. 

MFC was also used as a component in various coating compositions. Balan et al. (2015) [9] and 

Hassan et al. (2016) [8] combined MFC with chitosan. Hult et al. (2010) [3] reported on the use of a 

mixture of MFC and shellac as a coating material on paper. Finally, a study by Xu et al. (2016) [23] 

included MFC in an aqueous coating colour (calcium carbonate, clay, latex, additives) in order to 

improve the surface strength and smoothness of the coated papers. 

2.3. Techniques 

Several techniques can be used for paper coating but only some of them are applicable if the MFC is 

used as coating material. The fact that MFC is an aqueous suspension with a very high viscosity at low 

consistency limits the suitable techniques. In previous studies, the coating techniques are rod coating  

[3, 5, 9, 10], size press [5, 11], spray coating [6], roll-to-roll coating [15, 14] and foam coating [12]. 

Rod coating 

Rod coating is a traditional coating method whereby the coating is applied on the substrate by a bar or 

rod pushing the material on the substrate. Figure 3 presents a laboratory scale rod coater (a) and a pilot 

scale rod coater (b).  

Different types of rod exist: smooth rods, wire wound or “Mayer” rods, formed rods, gaped rods, 

double wound rods. The most common is the wire wound rod and it is illustrated in Figure 3(c). It 

consists of a steel bar with a wire around it. The diameter of the wire determines the thickness of the 
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coating layer. The choice of wire diameter depends on the viscosity of the coating material, the desired 

coat weight or thickness and the coating speed. [24] 

 

 

Figure 3 : Illustration of a (A) laboratory scale rod coater, (B) pilot scale rod coater and (C) Mayer rod. 

 

This coating technique applied to MFC on paper reportedly allows for a good control of the coat 

weight and produces coat weight of a few g m2⁄  for a single layer [5–7, 9, 10]. Multiple layering is 

also possible, and coat weights up to 14 g m2 ⁄ were achieved with 10 layers [5].  

 

Size press coating 

Size press coating is also a common technique, easily up-scalable. Figure 4 presents drawings of the 

functioning of size press coating. The substrate passes between two rolls that are covered with coating 

material. Two variations of the technique exist: flooded (A) or metered (B). The first one is when an 

excess of coating material is poured in between the rolls whilst in the second one, the rolls are pre-

covered with the coating. It is important to notice that size press coating covers both sides of the 

substrate with the coating material. [11] 
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Figure 4: Illustration of size press coating in a (A) flooded and (B) metered configuration. 

 

 

The passage between the two rolls at a certain speed and with a certain pressure between the rolls 

determines the thickness and coat weight. The viscosity also influences those parameters and at high 

MFC solid content, the pressure or nip loading had a lower threshold under which the uneven flow of 

the MFC prevented a uniform coating. [11]  

Multi-layering is also possible with size press coating but does not increase the coat weight 

significantly. This could be explained by the impregnation of the MFC into the substrate due to the 

pressure applied by the rolls. The level of porosity of the substrate plays a big part in this phenomenon 

[11]. Moreover, Lavoine et al. [5] found that even with 10 layers applied, the coating did not cover all 

the substrate. With this technique, the coat weights are of several g m2⁄  [5, 11]. 

 

Drying method 

Since the MFC with a high water content is applied on a water sensitive substrate, the post-processing 

step, namely the drying process is energy-intensive and might influence the final properties of the 

coated substrates. A variety of drying methods were used in previous studies. In all cases, the coated 

substrates were dried under tension. Air drying in ambient conditions was used by Afra et al. (2016) 

and Aulin et al. (2010) [3, 7, 10]. Contact drying has been used in other studies [5, 9, 25]. In contact 

drying, the coated sheets are placed in contact with hot plates which transfer the drying heat by 

conduction. Balan et al. (2015) conducted this operation at 70°C [9], whilst Lavoine et al. (2014) 

contact-dried their samples at 105°C for 3 minutes [5]. No justification for the choice of drying 

method and conditions could be found in those studies. 

Kinnunen et al. (2014) used a combination of infrared and air dryers at pilot scale [12]. They placed 

the infrared dryers right after the coating application stage, which allowed minimal disturbance of the 

coating whilst it is still really wet. According to them, placing the air dryer right after the coating 

(A) 
(B) 
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application stage would have disturbed the coating and it could have resulted in an uneven coating 

distribution. [12] 

2.4. Summary of the literature review 

Main conclusions of the literature study about the MFC coatings on paper substrate are listed below: 

 Cellulose fibres can be isolated from wood fibres and arranged on a dry network. This 

network, paper, is porous and moisture sensitive. 

 Microfibrillated cellulose (MFC) can be obtained from cellulose fibres using different 

processes. The MFC suspensions have a high viscosity even at low solid content. 

 MFC coating of paper substrate were used in previous studies to improve its properties, for 

example tensile strength, air permeance, grease resistance.  

 Different coating techniques can be used. Rod coating and size press coating are among them. 

 Rod coating seems to allow for an even coat of MFC of several g m2⁄  and is convenient of use 

at laboratory and pilot scale. Multi-layering is possible. 

 Size press coating is an easily up-scalable coating technique. In previous studies, higher coat 

weights of MFC could not be achieved, even with multi-layering.  

 Different drying methods have been reported: air drying, contact drying, infrared drying. In 

one case, the choice of drying method was reported to influence the distribution of the coating 

on the surface. 
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3. Materials and methods 

3.1. Materials 

The coating material was commercial microfibrillated cellulose (MFC) in aqueous suspension at 

2 wt% solid content. It was dispersed with an Ultra-Turrax 25 for 4 minutes at 10 000 rpm before the 

application on the substrates. 

The used paper substrate was a white paper produced by BillerudKorsnäs AB (Skärblacka) with a 

basis weight of 35 g/m2 and a machine-glazed surface. Machine-glazing is a surface modification 

process that leads to a smooth paper surface. 

3.2. Methods 

Two coating methods were used to apply the MFC suspension on the paper substrate, these were rod 

and size press coating. 

Rod coating 

The MFC suspension was applied on the paper substrate with a K101 control coater (RK Print Coat 

Instruments Ltd, UK), presented in Figure 5(a). The rods were of Mayer type, with a close wound wire 

(shown in Figure 5Figure 5(b)). The MFC suspension was applied on the machine-glazed side of the 

paper substrate. Three different rod speeds were used: 2, 8 and 15 m/min. The paper sheets were fixed 

to a cardboard frame with tape to keep them under tension during drying and avoid curling. The coated 

sheets were dried in an oven at 104 ± 1 ℃ for 2 min. This temperature and time were chosen because 

they did not damage the paper substrate and allowed the MFC suspension to dry entirely. 

 

 

Figure 5: (a) Rod coating equipment and (b) detail of the rod wire diameters. 
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Considering that the MFC is applied in an aqueous suspension and that water has a well-known 

deteriorating effect on the properties of paper, substrates were treated with water to evaluate the 

impact of this part of the process on the final properties of the coated papers. 

The water treatments were performed by applying deionised water on the paper substrate with the 

same coating and drying technique described above. The rod diameter was 0.51 mm and the rod speed 

was 8 m/min. 

The amount of water and the way it was absorbed into the paper substrate may differ between the 

water treatment and the MFC coatings. In this regard, the separation of the effect of MFC and water in 

the final properties of the MFC coated substrates is not complete. The water treated substrates are able 

to show trends of the sensitivity of the paper substrates to water. 

Size press coating 

The samples were coated using a laboratory size press SP from Werner Mathis AG, Switzerland 

(shown in Figure 6(a)). The rubber coated rollers were operated in flooded configuration as 

demonstrated in Figure 6(b). Hence, the MFC coating was applied to both sides of the paper. The nip 

pressure could be tuned with linear loads of 6.5 and 18.5 daN/cm of roller length. The investigated 

roller speeds were 25, 50 and 100 m/min. After coating, the samples were fixed to a cardboard frame 

for drying under tension in an oven at 104 ± 1 ℃ for 2 min. 

 

 

Figure 6: (a) Size press coating equipment and (b) detail of the flooded configuration  
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3.2.1. Characterisation methods 

All substrates were conditioned before and after coating at 23 ± 1 ℃ and 50 ± 2 %RH for at least 

24h. 

 

Microscopy 

The MFC suspension was investigated with an optical microscope Leica M205C (Japan). The 

suspension was stained with a modified Selleger’s stain to increase its visibility in the images. The 

contrast of the images was enhanced with the image analysis program ImageJ. 

Scanning electron microscopy (SEM) imaging was also performed on the MFC suspension using a 

Jeol JSM 6460 (Japan). A drop of the suspension at 2 wt% solid content was deposited on carbon tape 

and left to dry in vacuum. It was then sputtered with gold before analysis. The working distance was 

approximately 10 mm and the voltage was 10 kV under high vacuum.   

SEM images of the surface and cross-section of the reference and coated samples were also taken. The 

samples for surface observation were taped to an aluminium support with carbon tape. To observe the 

cross-section, the coated paper substrates were cut with a scalpel and mounted on an aluminium 

substrate using aluminium tape. All samples were sputtered with gold before analysis with the same 

parameters as mentioned above. 

 

Basis weight and thickness 

The basis weight of the paper substrate, in g/m2 was calculated by dividing the mass of the paper 

substrate by its area, according to standard ISO 536. The average of at least 5 samples as well as the 

standard deviation is presented.  

The coat weight was calculated by subtraction of the coated paper substrate basis weight to that of the 

average reference paper substrate (35 g m2⁄ ). It should be noted that this calculation method 

introduces the variation of the reference basis weight into the variation of coat weight, producing high 

values of the standard deviation. 

The thickness of the paper substrate was measured using an L&W micrometer according to ISO 534. 

The average of twenty-five measurements is reported, as well as the standard deviation. 
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Roughness Bendtsen 

The evaluation of the roughness of the substrate was performed on the machine-glazed side according 

to ISO 8791-2. This expression of the roughness corresponds to the air flow (in mL/min) passing 

between the substrate and a steel plate under specific conditions of geometry and air pressure. Five 

measurements were made on each substrate, the average value for five substrates is reported, as well 

as the standard deviation. 

 

Water absorption 

The water absorption of the paper substrate (in g m2⁄ ) was measured according to ISO 535 Cobb60. It 

represents the amount of water absorbed per surface unit when the substrate is wetted under specific 

conditions.  The machine-glazed side of the substrate was always put in contact with the water. The 

test area for each substrate was 100 cm2. A minimum of five substrates were analysed for each 

coating. The average value and the standard deviation are reported. 

 

Tensile test 

Tensile testing of the substrates was performed according to ISO1924-3. Strips with a width of 1.5 cm 

were cut in the machine direction. The tensile strength index and tensile energy absorption index are 

calculated according to Equation 1 and Equation 2, respectively. The strain at break was also 

measured. Five strips were cut for each substrate. The average value for at least five substrate is 

reported, as well as the standard deviation. 

 

𝑇𝑒𝑛𝑠𝑖𝑙𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑖𝑛𝑑𝑒𝑥 [𝑘𝑁. 𝑚 𝑘𝑔⁄ ] =
1000 × 𝑡𝑒𝑛𝑠𝑖𝑙𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ [𝑘𝑁 𝑚⁄ ]

𝑏𝑎𝑠𝑖𝑠 𝑤𝑒𝑖𝑔ℎ𝑡 [𝑔 𝑚2]⁄
     (𝐸𝑞 1) 

𝑇𝑒𝑛𝑠𝑖𝑙𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑖𝑛𝑑𝑒𝑥 [𝐽 𝑘𝑔⁄ ] =  
1000 × 𝑡𝑒𝑛𝑠𝑖𝑙𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 [𝐽 𝑚2]⁄

𝑏𝑎𝑠𝑖𝑠 𝑤𝑒𝑖𝑔ℎ𝑡 [𝑔 𝑚2]⁄
  (𝐸𝑞 2) 

 

Air permeance 

The air permeance (in nm/(Pa.s)) was calculated from the air flow measured with an L&W Bendtsen 

tester according to ISO 5636-3, with Equation 3.  
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𝐴𝑖𝑟 𝑝𝑒𝑟𝑚𝑒𝑎𝑛𝑐𝑒 =  
𝑎𝑖𝑟 𝑓𝑙𝑜𝑤

𝑡𝑒𝑠𝑡 𝑎𝑟𝑒𝑎 ∗ 𝑎𝑖𝑟 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒
    (𝐸𝑞 3) 

The test area for each measurement was 10 𝑐𝑚2 and the pressure was 1.47 ± 0,1 kPa. The air flow 

was measured in the range 0 - 300 mL/min with a sensibility of 0,1 mL/min, which is approximately 

equivalent to 1 nm (Pa. s)⁄  in the conditions described above. The average value of twenty-five 

measurements is reported, as well as the standard deviation. 

 

Oil absorption 

The resistance to castor oil was evaluated using the Cobb-Unger CU10 method (SCAN P-37:77). It 

measures the amount of castor oil absorbed by surface unit (in g m2⁄ ) under specific conditions of 

exposure to the oil. The machine-glazed side of the substrate was always put in contact with the oil. A 

minimum of five substrates were analysed for each coating. The average and standard deviation are 

reported. 

 

Coverage index 

The observation of the Cobb-Unger tested substrates allowed for the visualisation of the distribution of 

the MFC on the substrate surface. As seen in Figure 7(a), the MFC covered areas absorbed less castor 

oil and appeared lighter after the test compared to uncoated areas (b). 

 

 

Figure 7: Pictures of the oil wetted papers for the (a) MFC coated sample and (b) reference paper. (c) 

Scanned MFC coated sample in greyscale. (d) Result of the thresholding operation.  

 

The tested substrates were scanned in grey scale (c). The resulting images were submitted to 

thresholding with the software ImageJ. The chosen threshold was 140. From the resulting images (d), 
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a coverage index (in %) was calculated according to Equation  4.  The thresholding level was chosen 

because it corresponds to the lowest level giving a 0% coverage index for the reference substrate. 

 

𝐶𝑜𝑣𝑒𝑟𝑎𝑔𝑒 𝑖𝑛𝑑𝑒𝑥 =
𝑛𝑤ℎ𝑖𝑡𝑒 𝑝𝑖𝑥𝑒𝑙𝑠

𝑛𝑡𝑜𝑡𝑎𝑙,𝑝𝑖𝑥𝑒𝑙𝑠
    (𝐸𝑞 4) 

 

Water vapour transmission rate 

The measurement of the water vapour transmission rate (WVTR in g (m2. day)⁄ ) was performed 

according to ISO 2528:2011. It corresponds to the mass of water vapour permeating through a given 

area for a given time interval, under specific atmospheric conditions. It characterises the moisture 

barrier capacity of the membranes. 

The test area was 50 cm2 and the desiccant used was CaCl2. The testing conditions were 23 ± 1 ℃ 

and 50 ± 2 %𝑅𝐻. The cups were equipped with a rubber ring, used as sealant instead of the wax 

mentioned in the standard. Also, the substrates were weighed directly after removal from the 

conditioned chamber. The average of three measurements is reported, as well as standard deviation. 

 

Oxygen transmission rate 

The Oxygen Transmission Rate (OTR in cm3 m2. day ⁄ ) corresponds to the amount of oxygen gas that 

passes through a unit area per unit time under specific testing conditions of temperature and %RH. 

The OTR of the coated paper sheets was measured according to ASTM F 1927-7 with an Ox-Tran® 

Model 2/21. The testing conditions were 23 ± 1 ℃ and 50 ± 2 %𝑅𝐻. 
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4. Results and discussion 

4.1. Characteristics of the MFC suspension 

Pictures of the MFC suspension were taken at different scales to characterise the homogeneity and 

morphology of the fibres. As shown in Figure 8(a), the suspension at 2 wt% solid content exhibits a 

gel-like behaviour. The optical microscopy (b) shows a disparity in the diameter of the fibres, but all 

fibres have a diameter well under 1 μm. The fibril length is hard to evaluate because of the 

entanglement of the fibres. The SEM image (c) confirms that the fibres have submicronic diameters. A 

more precise analysis into the diameter distribution is however impossible because the fibres are too 

aggregated.  

 

 

Figure 8: MFC suspension at different scales. (a) Photo of the MFC suspension. (b) Optical 

microscopy observation of the MFC suspension coloured with modified Selleger’s stain. (c) SEM 

image of the dried MFC fibres. 

 

4.2. Influence of the coating parameters 

4.2.1. Rod coating 

Effect of the rod speed 

Table 1 shows the coat weight and coverage index achieved for rod coating at different rod speeds. It 

is clear that the coat weight was not significantly affected by the rod speed. The scans are 

representative substrates wetted with castor oil. The light areas indicate where the castor oil was not 

absorbed by the substrate, and therefore the presence of MFC on the paper surface. The increasing 

coverage index with increasing speed is indicating that the deposition of the MFC at higher speed 

resulted in a better distribution of the MFC the surface of the paper. At 2 m/min speed, it can be 

supposed that the MFC follows the water phase as it is absorbed into the substrate rather than being 

distributed properly on the surface. This would account for a similar coat weight for all rod speeds, but 

a very different surface state in terms of MFC distribution. 
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Table 1: Coat weight, apparent distribution of the MFC and coverage index for different rod speeds. 

 

 

Effect of the rod wire diameter  

Rods with various wire diameters were used to deposit different amounts of MFC on the paper 

substrate. Figure 9 shows that the coat weight evolves quite linearly with the wire diameter, and can be 

tuned this way. The error is quite high, because it accounts for both the variability of the mass of MFC 

deposited and the variability of the substrate basis weight. 

The coatings obtained were between 1 and 3 g m2⁄  approximately, and exhibit different structures and 

properties that will be exposed in the next part. 

 

 

Figure 9: Effect of the rod wire diameter on the coat weight of the rod coated paper substrates. 
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4.2.2. Size press coating 
 

Effect of the nip pressure 

The linear load between the rollers was adjusted to 6.5 and 18.5 daN/cm. Figure 10 shows that the nip 

pressure does not have a significant effect on the coat weight, thickness, roughness or air permeance of 

the coated substrates. The results are also similar for sheet thickness, tensile properties, as well as 

water and grease absorption (not shown here). 

 

 

 

Figure 10: Effect of the nip linear load (6.5 and 18.5 daN/cm) on the coat weight, thickness, roughness 

and air permeance of the size press coated substrates. 

 

Effect of the roller speed 

The effect of the roller speed was evaluated with 25, 50 and 100 m/min with a nip pressure of 

18.5 daN cm⁄ . Figure 11 shows the evolution of the coat weight and coverage index with the roller 

speed. There seems to be a trend where the coat weight decreases while the roller speed increases. The 

variation is not very distinct and might be due to experimental error though. It is important to notice 

however, that the coverage index increases with the roller speed, even it remains rather low (below  

10 %). This could indicate that with a 100 m/min roller speed, the MFC remains more on the surface 

and could therefore form a higher coverage.  
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Figure 11: Effect of the roller speed on the coat weight and coverage index of size press coated 

substrates. 

4.3. MFC coatings structure and surface properties 

As shown in the previous part, the two coating techniques and the various experimental parameters 

resulted in a range of coat weights, structures and MFC distribution. Figure 12 summarizes the 

achieved coat weights with size press and rod coating. The rod coating resulted in coat weights up to 

3 g m2 ⁄ while the size press coating resulted in lower coat weights, less than 1 g m2⁄ . 

 

 

Figure 12: Summary of the coat weight obtained with size press (SP) and rod coating (RC-rod wire  

diameter) with different rod diameters. 

 

The sheet thickness as a function of coat weight is presented in Figure 13. The effect of the water on 

the substrate is far from negligible. The increased thickness indicates swelling of the fibre network as 

can be expected considering the sensitivity of paper to water. From the higher viscosity and water 

retention capacity of the MFC suspension compared to pure water, it is expected that different 

amounts of water, and thus different moisture levels were achieved during the water treatment and the 
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MFC coating, even with the same experimental procedure. No quantitative comparisons between the 

thickness of the water treated and MFC coated substrate can therefore be established. 

 

 

Figure 13: Thickness of the reference, water treated and MFC coated substrates as a function of the 

coat weight. 

 

Scans of the castor oil wetted substrates are shown in Figure 14 along with the associated coverage 

indices. Looking at the rod coated substrate RC-0.51mm, stripes are visible that correspond to the rod 

wire pattern. This suggests that the MFC suspension did not spread on the substrate after the passing 

of the coating rod, due to its high viscosity. With higher coat weights, this pattern is no longer visible 

through castor oil wetting as the coverage index reaches nearly 100%. This suggests that with a higher 

amount of MFC suspension deposited on the substrate, there is enough spreading to cover the whole 

surface.  
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Figure 14: Scans of the oil wetted surface and coverage index for the reference, size press coated (SP) 

and rod coated (RC-rod wire diameter) substrates. 

 

Figure 15 presents SEM imaging of the reference and MFC coated substrates. Looking at the surface 

of the size press coated substrates (SP), the MFC is not easily distinguishable at low magnification 

(x100). On the high magnification (x3500) image, the MFC seems to be positioned between the 

cellulose fibres without creating a layer (red arrow). This correlates well with the low coverage index 

calculated above for this substrate. This may be explained by the fact that the coat weight is quite 

low (0.75 ± 0.2 g m2)⁄ . Another possible explanation proposed in a previous study [5] is that the size 

press mechanism tends to impregnate the coating material into the paper structure rather than simply 

depositing on the top of the surface. 

The rod coated substrates (RC) show that the MFC is deposited on the paper substrate creating a 

coating layer on top of the surface. For the RC-0.15 mm substrate, corresponding to a coat weight 

of 1.1 ± 0.3  g m2⁄ , the layer is not continuous and pores are still visible at high magnification (red 

arrows). With the RC-0.76 mm sample (2.1 ± 0.3  g m2⁄  coat weight), the MFC layer seems 

continuous, no pores can be seen and the coverage is full. The MFC layer also becomes visible on the 

cross section imaging (red arrow), that was not the case at lower coat weights. On this picture, the 

MFC layer seems partially detached from the substrate, which could be an indication of poor adhesion 

of the coating on the substrate. In this case however, it is believed that this partial separation of the 

coating layer from the substrate is due to the way the SEM sample was prepared. The cross-section 

was obtained by cutting the coated paper with a scalpel, which can damage the profile. 
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Figure 15: SEM images of the surface (x100 and x3500) and cross-section (x850) of the reference, 

size press coated (SP) and rod coated (RC-rod wire diameter) substrates. 

 

The last surface property evaluated here is the roughness. The reference substrate is machine-glazed 

on one side. The effect that the water treatment and the MFC coating had on the surface roughness is 

shown in Figure 16.  There is a clear increase in roughness for the MFC coated substrates compared to 

the reference paper. However, this increase is even more significant for the water treated substrates. 

The conclusion is that the increase in roughness is due to the distortion and swelling of the fibres 

under the action of water present during the coating process. For the rod coated substrates, the MFC is 

able to slightly smoothen the surface by filling the pores at microscale as seen with the SEM imaging 

with but is unable to compensate the effect of the water on a larger scale. The size press coated 
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substrate has a moderately increased roughness. Since the coat weight is quite low, the amount of 

water applied on the substrate must also be reduced. However, as seen with SEM imaging, the MFC 

does not seem to fill the pores and smoothen the surface. 

 

 

Figure 16:  Roughness of the reference, water treated and MFC coated substrates as a function of the 

coat weight. 

 

To conclude, the characterisation of the coating structure and the paper surface properties revealed 

firstly that the rod coating techniques seems to distribute the MFC unevenly on the surface. Secondly, 

the MFC did not form a coating layer for the size press coated substrate. Thirdly, the water present 

during the coating process provokes a swelling and a distortion of the network which results in 

increased thickness and roughness. For the rod coated substrates, the MFC smoothens the surface 

without completely compensating the effect of the water. 

 

4.4. Mechanical properties  

Tensile testing of the water treated and MFC coated substrates provided the tensile strength index, the 

strain at break and the tensile energy absorption index. The results are presented in Figure 17. First of 

all, they show the effect of the water on the mechanical resistance of the paper. The tensile strength 

index is much lower for water treated substrates than for the reference, as is the case with the strain at 

break and tensile energy absorption index. Water destroys the hydrogen bonds between the fibres thus 

weakening the network.  

All the MFC coated samples show properties slightly better than that of the reference paper substrate. 

This suggests that the strength of the MFC network is able to compensate for the loss of properties 

upon exposure to water.  
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Figure 17:  Tensile strength index, strain at break and tensile energy absorption index of the reference, 

water treated and MFC coated substrates as a function of the coat weight. 

4.5. Barrier properties 

As a coating on a paper substrate, the MFC will oppose a low porosity layer to the permeation of air 

and oxygen. The density of the MFC network will increase the mean free path and delay the 

permeation. The tight fibre network on the surface should also reduce the absorption of grease. The 

evolution of water absorption and water vapour permeability is hard to predict because of the high 

affinity between water and cellulose. 

An illustration of the structure of the MFC coatings as discussed previously is proposed in Figure 18. 

For the reference substrate (A), the porosity is high and the permeants can flow easily though the 

substrate.  
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Figure 18: An illustration of the structure of the reference (A) and MFC coated substrates obtained 

with size press (B) and rod coating (C), and of permeation paths through the substrates. 

 

The values for air permeance and grease absorption for the reference, water treated and MFC coated 

substrates are presented in Figure 19 and 20, respectively. The values for water absorption and water 

vapour transmission rate for the reference and MFC coated substrates are contained in Table 2. 

The water treated substrates showed a higher air permeance and higher grease absorption than the 

reference substrate, indicative of a higher porosity of the network. This is in accordance with the 

higher thickness, roughness and the decreased mechanical properties, all indicative of the water 

induced damage to the network. The interfibrillar hydrogen bonds were partially broken by water and 

the network is more opened. 

The size press coated substrate exhibited a low air permeance with a low coat weight compared to the 

rod coated substrates. This indicates that, despite the fact that the MFC does not form a coating layer 

on the paper surface as shown with SEM imaging, the global porosity of the network is still lower with 

the MFC coating. Concerning the grease absorption, the value for the size press coated substrate was 

lower than for the reference, 4.7 g/m2 and 5.7 g/m2 respectively. An even lower value could have been 

expected, considering the low air permeance. However, since the MFC did not form a real layer 

(shown in Figure 18 (B)), the grease was probably still absorbed on the surface. The water absorption 

of the size press coated substrate remained unchanged compared to the reference substrate. The water 

vapour transmission rate was decreased with the MFC coating. This can be attributed to the lower 

porosity of the network. The decrease was not as sharp as for the air permeance though, most likely 

because the high affinity between water and cellulose facilitates greatly the permeation of water 

vapour. 

Concerning the rod coated substrates illustrated in Figure 18 (C), the evolution of the air permeance 

and grease absorption with increasing coat weight was clear. As the coating layer became more 

continuous, the surface porosity was closed and the air permeance and grease absorption dropped. For 

the rod coated substrate with a 3.2 ± 0.2 g m2⁄  coat weight, the air permeance reached values below 

1 nm Pa. s⁄ , which was the limit of the measurement equipment. The water absorption values for the 
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MFC rod coated substrates were slightly higher than for the reference substrate. This is hard to 

explain, especially with regards to the evolution of the water vapour transmission rate. In fact, the 

WVTR values were lower for the MFC rod coated substrates, the highest reduction was measured for 

the RC-1.27 mm substrate with a 30% drop. This reduced WVTR can reasonably be attributed to the 

closed surface porosity, just like for the size press coated substrates. The values remain high and even 

the RC-1.27 mm substrate cannot be called a good moisture barrier. 

 

 

Figure 19: Air permeance of the reference, water treated and MFC coated substrates as a function of 

the coat weight. 

 

 

 

Figure 20: Grease absorption of the reference, water treated and MFC coated substrates as a function 

of the coat weight. 
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Table 2: Water absorption and water vapour transmission rate for the reference, size press coated (SP) 

and rod coated (RC-rod wire diameter) substrates. 

Substrate Ref SP 
RC-0.15 

mm 

RC-0.51 

mm 

RC-0.76 

mm 

RC-1.27 

mm 

Coat weight 

(g m2⁄ ) 
- 0.8 ± 0.2  1.1 ± 0.3 1.5 ± 0.4 2.1 ± 0.3 3.2 ± 0.2 

Water absorption 

(g m2)⁄  
19 ± 1 18.7 ± 0.3 18.8 ± 0.6 19 ± 1 19.7 ± 0.6 20.6 ± 0.2 

WVTR  

(g m2. day)⁄  
865 ± 14 738 ± 11 - 810 ± 53 667 ± 13 600 ± 10 

 

The extremely low air permeance values for the RC-0.76 mm and RC-1.27 mm substrates (below 

40 𝑛𝑚 𝑃𝑎. 𝑠⁄ ) suggested that the MFC coated substrates could present good oxygen barrier properties. 

The oxygen transmission rate (OTR) was measured for those two substrates but the measured values 

were above the upper threshold of the measurement equipment, that is to say > 10000 cm3 m2. day⁄ . 

In a previous study by Lavoine et al. (2014) [5], OTR values above that same threshold were measured 

for MFC coated paper substrates despite air permeance values similar to the ones measured in this 

study. They attributed this to “nano-heterogeneities” in the coating layer. According to them, 

nanopores in the MFC coatings allowed for the permeation of the very small oxygen molecules. This 

explanation is reasonably transposable to this study. SEM imaging at even higher magnification or 

other characterisation methods could be used to confirm or infirm the hypothesis. 

Concerning barrier properties, the conclusion is that the MFC coatings provided a very good barrier to 

the permeation of air. For the rod coated samples, the absorption of grease was also largely reduced 

with the presence of the MFC coating layer. The size press coated samples kept a grease absorption 

value rather high probably because the MFC was not deposited as a layer on the substrate surface. The 

MFC coatings also proved to reduce the water vapour transmission rate of the base substrate. The 

MFC coated substrates did not exhibit any oxygen barrier capacity. 
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5. Conclusion 

In this study, paper sheets were coated with microfibrillated cellulose (MFC) using two coating 

techniques: rod coating and size press coating. The coated papers were evaluated in terms of coating 

structure, surface, mechanical and barrier properties. Water treated samples were also characterised to 

assess the impact of the coating process on the paper final properties. 

The MFC coated papers presented improved properties compared to the water treated samples, and 

most importantly, compared to the reference paper, particularly in term of air, grease and water vapour 

resistance. Table 3 shows a summary of the main results. The properties of the water treated and MFC 

coated papers are compared to that of the reference substrate. 

 

Table 3: Summary of the important properties of the water treated, size press coated and rod coated 

substrates compared to the reference paper substrate.  

Technique 
Water 

treatment 

Size press 

coating 
Rod coating 

Coat weight (g m2⁄ ) - 0.75 ± 0.2 1.1 ± 0.3 2.1 ± 0.3 3.2 ± 0.2 

Roughness + 216 % + 62 % + 97 % + 180 % + 151 % 

Tensile strength index - 18 % + 5 % + 4 % + 7 % + 2 % 

Air permeance + 33 % - 53 % - 15 % - 97 % - 99.9 % 

Grease absorption + 15 % - 17 % - 21 % - 75 % - 84 % 

Water vapour 

transmission rate 
- - 15 % - - 23 % - 31 % 

 

The best barrier was achieved with the rod coating technique and a coat weight of 3.2 ± 0.2 g m2⁄ . 

However, this technique was not adapted in the sense that the MFC was not distributed evenly on the 

surface because the high viscosity of the suspension prevented it from spreading in a satisfactory 

manner on the paper. 

The size press coated samples presented coat weights around 1 g m2⁄ . Higher coat weights could not 

be reached in this study.  
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6. Future work 

Considering the drawbacks identified with rod coating and size press, further investigations could 

concern other coating techniques that could provide a good control of the coat weight and an even 

distribution of the MFC. Examples for such techniques could be roll-to roll-coating, spray coating or 

foam coating. 

The results showed that the substrate was very sensible to water since the water treated substrates 

showed decreased properties compared to the reference. Working with a coating material with a lower 

water content could therefore minimise the amount of water applied on the substrate and the coated 

substrates could present even better surface, mechanical and barrier properties.  

With MFC, the rheology of the suspension is highly dependent on its solid content. A higher solid 

content is synonymous with a highly increased viscosity. The results showed that the distribution of 

the MFC suspension at 2 wt% solid content was not satisfactory with rod coating.  Any study of higher 

solid content should also be associated with research towards a lowering of the viscosity of the MFC 

suspension. 

Finally, other properties of the paper can be affected by the MFC coating outside the scope of this 

study. Identifying and studying other possible changes to paper properties could reveal more potential 

uses for the MFC coated papers. 

  



31 
 

7. List of references 

[1] H. P. S. Abdul Khalil et al., “A review on nanocellulosic fibres as new material for sustainable 

packaging: Process and applications,” Renew. Sustain. Energy Rev., vol. 64, pp. 823–836, 

2016. 

[2] A. Ferrer, L. Pal, and M. Hubbe, “Nanocellulose in packaging: Advances in barrier layer 

technologies,” Ind. Crops Prod., vol. 95, pp. 574–582, 2017. 

[3] E. L. Hult, M. Iotti, and M. Lenes, “Efficient approach to high barrier packaging using 

microfibrillar cellulose and shellac,” Cellulose, vol. 17, pp. 575–586, 2010. 

[4] W. Stelte and A. R. Sanadi, “Preparation and characterization of cellulose nanofibers from two 

commercial hardwood and softwood pulps,” Ind. Eng. Chem. Res., vol. 48, no. 24, pp. 11211–

11219, 2009. 

[5] N. Lavoine, I. Desloges, B. Khelifi, and J. Bras, “Impact of different coating processes of 

microfibrillated cellulose on the mechanical and barrier properties of paper,” J. Mater. Sci., 

vol. 49, no. 7, pp. 2879–2893, 2014. 

[6] K. Syverud and P. Stenius, “Strength and barrier properties of MFC films,” Cellulose, vol. 16, 

no. 1, pp. 75–85, 2009. 

[7] E. Afra, S. Mohammadnejad, and A. Saraeyan, “Cellulose nanofibrils as coating material and 

its effects on paper properties,” Prog. Org. Coatings, no. 101, pp. 455–460, 2016. 

[8] E. A. Hassan, M. L. Hassan, R. E. Abou-zeid, and N. A. El-Wakil, “Novel nanofibrillated 

cellulose/chitosan nanoparticles nanocomposites films and their use for paper coating,” Ind. 

Crops Prod., vol. 93, pp. 219–226, 2016. 

[9] T. Balan, C. Guezennec, R. Nicu, F. Ciolacu, and E. Bobu, “Improving barrier and strength 

properties of paper by multi-layer coating with bio-based additives,” Cellul. Chem. Technol., 

vol. 49, no. 8, pp. 607–615, 2015. 

[10] C. Aulin, M. Gällstedt, and T. Lindström, “Oxygen and oil barrier properties of microfibrillated 

cellulose films and coatings,” Cellulose, vol. 17, no. 3, pp. 559–574, 2010. 

[11] F. Richmond, “Cellulose Nanofibers Use in Coated Paper,” Electron. Theses Diss., vol. 2242, 

2014. 

[12] K. Kinnunen, T. Hjelt, E. Kenttä, and U. Forsström, “Thin coatings for paper by foam coating,” 

Tappi J., vol. 13, no. 7, pp. 9–19, 2014. 

[13] S. S. Nair, J. Zhu, Y. Deng, and A. J. Ragauskas, “High performance green barriers based on 

nanocellulose,” Sustain. Chem. Process., vol. 2, no. 1, p. 23, 2014. 

[14] V. Kumar, A. Elfving, H. Koivula, D. Bousfield, and M. Toivakka, “Roll-to-Roll Processed 

Cellulose Nanofiber Coatings,” Ind. Eng. Chem. Res., 2016. 

[15] V. Kumar, V. R. Koppolu, D. Bousfield, and M. Toivakka, “Substrate role in coating of 

microfibrillated cellulose suspensions,” Cellulose, vol. 24, no. 3, pp. 1247–1260, 2017. 

[16] C. E. Libby, Ed., Pulp and paper Science and Technology- Vol. 1 Pulp. Mc Graw-Hill Book 

Company, 1962. 

[17] CEPI, “Paperonline-Paper production,” 2017. [Online]. Available: 

http://www.paperonline.org/paper-making/paper-production . [Accessed: 17-Jun-2017]. 



32 
 

[18] C. Fellers, “Paper physics,” in Pulp and paper chemistry and technology Vol.4 Paper products 

physics and technology, M. Ek, G. Gellerstedt, and G. Henrikson, Eds. de Gruyter, 2009, pp. 

25–67. 

[19] C. Fellers, “The interaction of paper with water vapour,” in Pulp and paper chemistry and 

technology Vol.4 Paper products physics and technology, M. Ek, G. Gellerstedt, and G. 

Henrikson, Eds. de Gruyter, 2009, pp. 109–144. 

[20] M. Jonoobi et al., “Different preparation methods and properties of nanostructured cellulose 

from various natural resources and residues: a review,” Cellulose, vol. 22, no. 2, pp. 935–969, 

2015. 

[21] TAPPI’s International Nanotechnology Division, “Roadmap for the development of 

International Standards for Nanocellulose,” 2011. 

[22] K. L. Spence, R. A. Venditti, O. J. Rojas, J. J. Pawlak, and M. A. Hubbe, “Water vapor barrier 

properties of coated and filled microfibrillated cellulose composite films,” BioResources, vol. 

6, no. 4, pp. 4370–4388, 2011. 

[23] Y. Xu, Y. Kuang, P. Salminen, and G. Chen, “The influence of nano-fibrillated cellulose as a 

coating component in paper coating,” BioResources, vol. 11, no. 2, pp. 4342–4352, 2016. 

[24] R. D. Specialties, “Coating Rod Types,” 2017. [Online]. Available: 

https://www.rdspecialties.com/pages/rod-types. [Accessed: 05-Feb-2017]. 

[25] N. Lavoine, J. Bras, and I. Desloges, “Mechanical and barrier properties of cardboard and 3D 

packaging coated with MFC,” J. Appl. Polym. Sci., vol. 131, no. 8, p. 40106, 2014. 



33 
 

  

8. Appendix 

Table 4: Project plan and timeline 

 

 

 

Project week                     1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

Calendar week 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

Activity               

Literature research and 

project planning

 Steering group, project plan 

approval


Opposition to another 

student's thesis

Submit literature review and 

opposition


Preliminary experiments

Experiments: rod coating 

Characterisations (rod coated 

samples)

Half-way presentation for 

steering group


Experiments: size press 

(Beetham)

Characterisations (size 

pressed samples)

Data gathering and analysis 

complete


Final report writing

Final report draft 

Presentation at LTU 

Correction of final report

Final report submitted to BK 

and LTU



